Stranded marine mammals offer a unique sample of relatively inaccessible wild animals that are more likely to represent the diseased segment of the population and are easy to examine thoroughly. Examination of these animals, therefore, offers a method to detect novel diseases in free-living aquatic mammals. Diseases in marine mammals may reflect environmental changes such as ocean pollution, prey shifts, and global warming. To detect spatial and temporal trends in prevalence of such diseases, we reviewed records for 3,707 California sea lions (Zalophus californianus) that stranded live between 1991 and 2000 along the central California coast. Reasons for stranding were determined from a combination of clinical examinations, hematology and serum biochemistry, radiography, gross necropsy, histopathology, microbiology, and biotoxin assays. Over the ten years, 74% of sea lions stranded in Santa Cruz, Monterey and San Luis Obispo Counties, and 83% of these were admitted between May and October each year. Malnutrition was the most common reason for stranding (32%), followed by leptospirosis (27%), trauma (18%), domoic acid intoxication (9%), and cancer (3%). Strandings caused by malnutrition were greatest during the El Niño events of 1992, 1993, and 1998, while strandings caused by leptospirosis accounted for over 60% of strandings in 1991, 1995, and 1999. Although domoic acid was first reported in California sea lions in 1998, there was a small stranding event in 1992 that, based on clinical examinations and histopathology, was probably also caused by domoic acid. The observed prevalence of cancer among stranded animals remained constant over the past ten years at 3%.
Introduction
Marine mammal strandings have been documented for hundreds of years (De, 1997) . Data from stranded animals have been used to assess species range, morphology, and taxonomy (Lucas & Hooker, 2000) , to identify human interactions with marine mammals (Berrow & Rogan, 1997; Goldstein et al., 1999) , and to detect spatial and temporal patterns of mortality (Kreuder et al., 2003; Silva & Sequeira, 2003) . Frequencies of strandings have been correlated with natural environmental perturbations such as storm surges and El Niño events (Dunlap, 1995; Greig et al., 2001) , and longitudinal stranding data have been used, in conjunction with natural mortality data, to estimate additional mortality during a marine mammal die-off (Eguchi, 2002; McLellan et al., 2002) .
Data from stranded animals provide insights into disease processes contributing to marine mammal mortality. Stranded animals are not a random sample of the free-living population because they are more likely than other animals to be unhealthy, and detection rate is dependent on human effort and accessibility to stranded animals, which vary greatly; however, because diseases occur at higher prevalences in stranded animals, these animals provide an opportunity to identify novel diseases in marine mammals that are otherwise relatively inaccessible (Gulland, 1999) . Thus, diseases previously unknown in marine mammals, such as domoic acid toxicosis, herpesviruses, Q fever, and coccidiodomycosis, all have been discovered among stranded animals (Fauquier et al., 1996; Lapointe et al., 1999; Lipscomb et al., 2000; Scholin et al., 2000) . Furthermore, longitudinal stranding data may reveal spatial and temporal trends in commonly observed causes of stranding and, thus, provide insight into predisposing factors for morbidity and mortality.
Previous surveys of stranded pinnipeds admitted for rehabilitation to The Marine Mammal Center (TMMC) in Sausalito, California, from 1975 -1990 identified the major causes of strandings as malnutrition, renal disease, and pneumonia (Dierauf, 1983; Gage et al., 1993; Gerber et al., 1993) . Goldstein et al. (1999) found that 7.5% of 6,196 pinnipeds admitted to TMMC between 1986 and 1998 had human-related injuries, of which 66% were gunshot injuries primarily in California sea lions.
This paper examines the causes of stranding for California sea lions along the California coast from the border of San Luis Obispo/Santa Barbara Counties (35º 00' 20'' N, 120º 37' 24'' W) to the Oregon state border (41º 59' 54'' N, 124º 12' 42'' W) between 1991 and 2000 ( Figure 1 ). The objectives were to document spatial and temporal patterns in causes of stranding and to assess trends in disease frequency among stranded California sea lions.
Materials and Methods
This study focused on live strandings because dead stranded animals rarely were examined adequately or were too decomposed to determine Figure 1 . Map of study area cause of stranding. Medical records were reviewed for 3,707 California sea lions that stranded along the central California coast from 1 January 1991 through 31 December 2000 and were admitted to TMMC for rehabilitation. Date and location of stranding, sex, and age class were recorded, and a reason for stranding was assigned to each animal. Sex determination was based on observed genital morphology, and age class was determined using a combination of standard body length, tooth size, and stage of sagittal crest development. Age classes were defined as follows: pup (0-1 year), yearling (1-2 years), juvenile male (2-4 years), subadult male (4-8 years), juvenile or subadult female (2-5 years), adult male (8+ years), and adult female (5+ years). To compare standard body length with tooth age, age was determined by counting dentinal growth layers on the cut surface of the upper left canine for 344 animals. Teeth were prepared according to the methods outlined in Evans & Robertson (2001) , with the exception that teeth were cut using a diamond blade isomet saw and were etched in acid for approximately 20 minutes. For statistical analysis, age classes were collapsed to three age classes: yearling (pup and yearling), subadult (juvenile and subadult), and adult.
Stranding Causes
Cause of stranding was determined from a combination of results from clinical examinations, hematology and serum biochemistry parameters, radiographs, gross necropsy, histopathologic examination of tissues, fecal sedimentation for parasites, bacterial culture, and biotoxin assays (Goldstein et al., 1999; Gulland et al., 1996a Gulland et al., , 1996b Gulland et al., 1997; Gulland et al., 2002) . Causes of stranding were categorized as malnutrition, leptospirosis, trauma, domoic acid, cancer, miscellaneous, behavioral, or unknown.
Animals were placed into the malnutrition category if they were a yearling and weighed less than 25 kg or, if during rehabilitation, their total mass increased by 25% of their body weight at admission in less than a month and no other disease process was detected that could explain stranding. Animals were placed into the leptospirosis category if serum chemistry results were indicative of leptospirosis (blood urea nitrogen > 100 mg/dl, creatinine > 2 mg/dl, sodium > 155 meq/L and phosphorus > calcium) or if gross necropsy (swollen kidneys with loss of renule differentiation and pale tan renule cortices) and histopathology (interstitial nephritis) revealed renal disease consistent with leptospirosis (Gulland et al., 1996b; Colagross-Schouten et al., 2002) .
Sea lions in the domoic acid category exhibited clinical symptoms of exposure to the neurotoxin domoic acid (ataxia, seizures, disorientation; Gulland et al., 2002) , had neuronal necrosis or hippocampal atrophy on histopathology, or had domoic acid in body fluids and in most cases stranded during a known, domoic acid producing, algal bloom (Scholin et al., 2000) . Animals with clinical signs similar to those described above that stranded before 1998 were categorized as "suspected" domoic acid cases because the presence of the neurotoxin was not confirmed in any cases before 1998 (Scholin et al., 2000) . The domoic acid toxicity and suspect domoic acid toxicity categories were combined for data analysis. Only animals with extensive and fatal metastatic carcinoma were included in the cancer category (Gulland et al., 1996a) . Mild, nonfatal, non-invasive benign tumors were not considered causes of stranding.
The behavioral category consisted of animals that were not sick or injured, but were admitted for rehabilitation because they were either out of their usual habitat (on highways, in areas with people and dogs), nuisance animals (approaching people, begging for food), newborn pups abandoned by their mothers, or picked up illegally by a member of the public. The unknown category consisted mostly of animals that were admitted mildly underweight and lethargic, and had no characteristic clinical signs or abnormal hematology or serum chemistry. Most animals improved with supportive treatment and were released without a definitive diagnosis being made, while some animals died prior to receiving a diagnosis and necropsy results were inconclusive.
Statistical Analyses
Growth characteristics were assessed using a von Bertalanffy growth model fitted to the standard body length at age data: y = L*(1-e (-k*(x-to)) ). The model was fitted using SigmaPlot Version 8.0 and incorporated the nonlinear least squares MarquardtLevenberg parameter estimation algorithm. The distribution of specific causes of stranding by sex and year were evaluated by the two-sided chisquare test of independence (SPSS Version 11.0, SPSS Inc., Chicago, Illinois). Geographic clustering was evaluated for strandings caused by leptospirosis, domoic acid, and cancer. The spatial scan statistic with the Bernoulli model (Kulldorf & Nagarwalla, 1995) was used to test whether cases with these causes of stranding were randomly distributed along TMMC's response area. Stranding locations for these causes of stranding were compared to locations for sea lions with all the other stranding causes. Geographical clusters identified through spatial analysis were used to define an additional variable for logistic regression analysis. A logistic regression model was used to identify risk factors for animals stranding because of leptospirosis (SPSS Version 11.0). The dependent variable was the cause of stranding (leptospirosis versus all other causes of stranding). Covariates were sex, age class, season (January-June or JulyDecember), and geographical cluster.
Results
Over the decade of study (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) , 3,707 California sea lions live stranded in the study area. The annual number of live California sea lion strandings along the central California coast has increased since 1975 (Figure 2 ). Greater numbers of strandings occurred during the El Niño events of 1983/1984, 1991/1992, and 1997/1998 . The sex ratios of stranded animals changed over the years: from 1975 through 1991, only 29% of sea lions were female, while from 1992 through 2000, 70% of stranded sea lions were female.
Strandings from the study period (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) represented 77% of the total strandings from 1975-2000. During this ten-year period, 74% of California sea lion strandings came from Santa Cruz, Monterey, and San Luis Obispo Counties (Figure 3 ), and 83% of California sea lions were admitted between the months of May and October (Figure 4 ). Of the stranded sea lions, 41% were female and 59% were male. Fifteen percent were adults, 37% were subadults, and 48% were yearlings. Standard body lengths ranged from 91-217 cm for female sea lions and 90-300 cm for male sea lions ( Figure 5 ). There was a significant relationship between standard body length and tooth age for both males (r 2 = 0.842, p < 0.0001) and females (r 2 = 0.650, p < 0.0001). Malnutrition (32%, n = 1174), leptospirosis (27%, n = 1011), and trauma (18%, n = 652), were the most common causes for stranding, while domoic acid intoxication (9%, n = 328), cancer (3%, n = 99), behavioral (1%, n = 25), and unknown (2%, n = 61) causes were less common (Table 1) . Strandings caused by miscellaneous diseases accounted for 10% (n = 357) of strandings. The greatest numbers of sea lions stranded in 1998 (n = 740) when there was an El Niño event and a domoic acid producing algal bloom (Gulland, 2000) .
Malnutrition
Prevalence of malnutrition was highest during 1992, 1993, and 1998 (p 1993, and 1998 (p 1993, and 1998 ( < 0.001) when El Niño conditions prevailed in California (Table 1) . Yearlings made up 84% (993 out of 1,173) of the animals in this category, which contained greater numbers of male than female sea lions (p of male than female sea lions (p of male than female sea lions ( < 0.001, Table 2 ). 1975  1976  1977  1978  1979  1980  1981  1982  1983  1984  1985  1986  1987  1988  1989  1990  1991  1992  1993  1994  1995  1996  1997  1998  1999 Fifty-three percent of the sea lions in this category were admitted in May and June (Figure 4) . Malnourished animals had a number of secondary disease conditions, including heavy parasite burdens, abscesses, nonspecific respiratory symptoms, ocular lesions, skin ulcers typical of San Miguel sea lion virus (calicivirus) infection, and pox lesions (Gulland et al., 2001 ). Prevalence of parasites in these animals was high. By July each year, prevalence of Parafilaroides decorus (based on necropsy examination or fecal sedimentation) was 94% among yearlings, but these lungworms were not usually associated with significant pneumonia.
Leptospirosis
Strandings due to leptospirosis differed significantly by year (p nificantly by year (p nificantly by year ( < 0.001) and were most common in 1991, 1995, and 2000 ( Figure 6 ). Leptospirosis was responsible for over 60% of all sea lion strandings in 1991, 1995, and 1999 (Table 1 ). The prevalence of leptospirosis overall was greater among males than females (p all was greater among males than females (p all was greater among males than females ( < 0.001; Table 2 ). Leptospirosis occurred frequently during 1991, 1994, 1995, 1999, and 2000 (p during 1991, 1994, 1995, 1999, and 2000 (p during 1991, 1994, 1995, 1999 , and 2000 ( < 0.001), and during those years, 70% of affected animals were subadult males (Table 2) . Eightysix percent of the animals in this category were admitted between July and November (Figure 4) . A geographic cluster of leptospirosis cases was detected from the city of Santa Cruz north along the coast to the Oregon border (Figure 1) (Table 3) . Leptospirosis cases were three times more likely to strand in the spatial cluster from Santa Cruz to Oregon than elsewhere in TMMC's response range, and were 8.2 times more likely to strand between June and December. Leptospirosis cases also were 4.5 times more likely to be subadult than yearling and 1.6 times more likely to be male than female. The logistic regression model for leptospirosis 
Trauma
Trauma cases exhibited wide variation in stranding by year. Years of highest prevalence were 1992 at 32% and 1996 at 29% (p at 32% and 1996 at 29% (p at 32% and 1996 at 29% ( < 0.001). The greatest numbers of strandings due to trauma occurred in 1992 and 1998. Most trauma cases were due to gunshots (48%, n = 311), while entanglement in fishing line and other debris (17%, n = 109), shark bites (7%, n = 44), and propeller wounds (1%, n = 7) were less common. Trauma from unknown causes (26%, n = 172) included fractures, blunt trauma, hind-end paralysis, and blindness of unknown etiology, as well as stingray spines and tar. Human-caused injuries (including gunshots, fishing entanglements, and propeller wounds) accounted for 67% (n = 436) of all trauma cases. Some cases classified as trauma from unknown causes may have been human caused, but cases were not classified as such unless definitive evidence (i.e., a bullet, actual presence of debris entangling the animal) was found. As there were such a variety of causes of trauma, spatial analysis to investigate risk factors was not performed as different types of trauma would be expected to be associated with different risk factors.
Miscellaneous
The miscellaneous category encompassed all other disease-related strandings, including peritonitis, abscesses, pneumonia, pleuritis, generalized septicemias, cystitis, central nervous system infections with bacteria and protozoa, Coccidioides immitis infection, intussusception/volvulus, endocarditis, renal failure, hemoperitoneum, pericarditis, prolapsed uterine, and congenital defects (Table  4) . Peritonitis was the most common cause of stranding, accounting for 38% of strandings in the miscellaneous category (Table 4) . Peritonitis was particularly prevalent in 1992 and 1998, accounting for more than 5% of stranded animals in both years.
Domoic Acid
The greatest numbers of sea lions stranding with domoic acid intoxication occurred in 1998 and 2000. In 2000, 37% of sea lions stranded because of domoic acid toxicosis ( 
Cancer
Cancer prevalence averaged 3% of stranded animals per year (SD ± 1%). Cancer was advanced by the time it caused stranding, and 84.5% of cancer cases were adults. Most sea lions were young adults rather than aged adults: among a subsample of animals aged using their teeth, age range for females with cancer was 4.5 to 19 years (mean = 9.3, SD = 2.6, n = 60) and for males it was 4 to 13 years (mean = 9.9, SD = 2.8, n = 21) years. Sixty-six percent of animals with cancer were female and 34% were male. Sea lions with cancer were admitted in all months of the year, but 57% were admitted between July and October and comprised greater than 3% of total strandings from October to March. A geographic cluster of animals stranding with cancer was detected along Monterey between Pfieffer State Beach and Marina State Beach (Figure 1 ). The cluster was centered at 36.2809° N, 121.8609° W with a radius of 35.7 km (p radius of 35.7 km (p radius of 35.7 km ( = 0.002). Ten percent of the strandings in this cluster (21 of 214) were caused by cancer, while only 2% of strandings (78 out of 3,463) were caused by cancer outside of this spatial area.
Behavioral and Unknown
Behavioral abnormalities or interactions with humans accounted for 0.7% of stranded sea lions, and the cause of stranding for 1.5% of stranded sea lions remained unknown.
Discussion
There has been an increase in the annual numbers of sea lions stranded in central California over the past 25 years. The increase in strandings mirrors the increase in the population of California sea lions off California (Forney et al., 2000) , but it is probably also a function of growth in public awareness of strandings and the development of an organized stranding network. Directed carcass recovery attempts can be used to estimate mortality rates (Melin, 2002) , but data from the California stranding network is opportunistic and effort varies with weather, season, and the number of people on the beach. Over the decade of this study, urbanization of the California coastline has increased public contact with stranded marine mammals, which likely increased the search effort between 1975 and 2000. The greater number of strandings in the three southern counties is likely a function of their proximity to the California sea lion breeding grounds on the Channel Islands. This proximity also explains the high number of yearlings in May and June, corresponding to time of weaning and the first attempts by these animals to forage. Animals in the behavior category were probably clinically healthy animals that were not truly stranded and reflect increasing contact between the public and pinnipeds as the California coastline becomes increasingly urbanized. Although most stranded sea lions are not in prime body condition because most diseases result in weight loss (with the exception of acute ones such as domoic acid intoxication and trauma), malnutrition without other disease was the major cause of stranding in this study. The increase in prevalence of malnourished sea lions, especially yearlings, during El Niño years is consistent with the reported effects of El Niño on the sea lion population in the Channel Islands: reduced prey resulted in nursing females spending more time at sea and decreased growth rates among pups (Ono et al., 1987) .
Forty percent of strandings were diseaserelated and leptospirosis accounted for the greatest proportion of these diseases. Gerber et al. (1993) reported a 32% prevalence of renal disease among California sea lions stranded between 1984 and 1990, suggesting the prevalence of this disease has not increased between the two decades of study. The cyclical nature of the number of animals stranded with leptospirosis observed in this and previous studies may be due to changes in herd immunity among the sea lion population or to temporal or seasonal patterns of transmission (Gulland et al., 1996b) . In most mammals, leptospirosis is transmitted by oral ingestion of contaminated urine or water (Leighton & Kuiken, 2001) . Although the route of Leptospira sp. transmission in sea lions has not been determined, if urine is important, spatial differences in stranding patterns of sea lions with leptospirosis may be due to differences in persistence of urine in the environment-for example, urine persisting on rocky haul-out areas longer than on sandy rookeries. The number of sea lions stranding due to human interactions was consistent with that reported by Goldstein et al. (1999) for an overlapping period from 1986-1998. A higher prevalence of human interactions during 1992 and 1998 may be a consequence of malnourished animals during El Niño years having a greater tendency to approach people for food or to linger in areas frequented by humans due to overall weakness resulting from malnutrition.
Peritonitis, which is relatively common in stranded sea lions, was most often a result of perforated duodenal ulcers. The cause of these ulcers is unclear, but in the past, gastric ulcers in sea lions have been associated with anisakid infections, stress, and uremia (Gulland et al., 1996b; Lauckner, 1985) . The higher prevalence of these peritonitis cases in years with high numbers of malnourished animals suggests that malnutrition may play a role in the pathogenesis of ulcer perforations. Perforated gastric ulcers have been documented in emaciated California sea lions (Ridgway et al., 1975) , but further work is needed to determine the mechanism involved in perforation by these duodenal ulcers. The complex of pneumonia, pleuritis, and septicemia was also common, and most likely it is a consequence of mixed bacterial infections secondary to a variety of conditions. A range of bacteria have been isolated from stranded California sea lions (Thornton et al., 1998) , and these may infect traumatic wounds or invade lesions resulting from parasitic infections. Parafilaroides decorus infection is common in juvenile California sea lions (Lauckner, 1985) , and heavy infections may result in bacterial microabscesses in the lungs that can rupture causing pleuritis.
Strandings from domoic acid toxicity appear to have increased dramatically over the ten years of this study. Although first documented in marine mammals in 1998 (Scholin et al., 2000) , the clinical signs in animals stranded in 1991 and 1992 suggest that sea lions were affected before this date. On the time scale of this study, the severity of the domoic acid events seems to be increasing. The increase in the number of domoic acid strandings confounds analysis of some of the other causes of stranding-for example, minimizing the leptospirosis prevalence in 2000. This emphasizes the importance of examining patterns in the total numbers of animals stranding, as well as in disease prevalence.
The prevalence of malignant, metastatic carcinoma has not changed over the decade of this study. As this disease is chronic and progressive, and sea lions have an annual migration pattern, stranding date and location are unlikely to be associated with the time and place where the tumor first developed. Thus, the observed pattern in stranding location is unlikely to give insight into the factors involved in the etiology of this fatal disease. The biological significance of the spatial cluster near Monterey is unclear, but it may represent an easy place for sick animals to come ashore. Alternatively, there could be a genetic component to both the etiology of this cancer and sea lion movement patterns.
Facilities to treat stranded marine mammals are developing worldwide and offer increased opportunities to learn about the health of wild populations. Percentages of stranded animals with certain diseases may or may not mirror disease prevalence in the wild population. In addition, because stranded animals are reported by the public, their spatial distribution likely reflects areas of the coast with greatest human habitation. Despite these biases, long-term analysis of stranding patterns can reveal disease trends among the stranded population and can help elucidate factors contributing to marine mammal strandings.
